Controlling magnetic properties of solgel synthesized cobalt ferrites (CoFe 2 O 4 ) have been studied by variations in amount of polyvinyl alcohol (PVA) and annealing temperature. PVA of 24, 32, 40 and 48 g in 10% w/v aqueous solutions was used in the reaction between 10.592 g of Co(NO 3 ) 2 ·6H 2 O and 29.407 g of Fe(NO 3 ) 3 ·9H 2 O. The decrease in PVA led to the reductions in coercive field and squareness. However, X-ray diffraction peaks indicated that iron oxide (¡-Fe 2 O 3 ) and iron oxide hydroxide [FeO(OH)] were also formed when the PVA was less than 48 g. The optimized amount for obtaining single phase CoFe 2 O 4 was therefore 48 g which was used for studies of heat treatment effect. Both coercive field and squareness were increased with the increase in annealing temperature from 280 to 680°C and then reduced with the further increasing temperature up to 900°C as a result of particles agglomeration.
Soft ferrites with the spinel structure are the important class of magnetic ceramics. 1 . The tetrahedral and octahedral interstitial sites in the lattice are partially occupied by the A 2+ and Fe 3+ cations, respectively. Spinel ferrites have been used in high frequency electromagnetic devices because of minimal eddy current and hysteresis losses. In addition to applications in a bulk form, cobalt ferrite (CoFe 2 O 4 ) micro-and nanoparticles have been studied to realize their potential applications in recording and biomedical applications. 3 corresponding to PVA of 24, 32, 40 and 48 g). The reaction mixture was further stirred until the solution gelled and the result gel was dried. The obtained brown solid was annealed at 800°C for 4 h. The products were characterized by powder X-ray diffraction (XRD). A copper target was used as an X-ray source (K¡, wavelength = 1.54058 ¡) with 40 kV between the cathode and the copper target. The measurement was performed in the range of 2ª angles from 10 to 80 degrees with each rotating step 0.02 degree. To study effects of the amount of PVA on magnetic properties, samples were characterized by vibrating sample magnetometry (VSM) in an applied magnetic field up to 450 kA m
¹1
. The coercive field was determined from the x-intercept of the hysteresis loop whereas the y-intercept corresponded to the remanent magnetization. A ratio of saturation magnetization to remanent magnetization is referred to as the squareness in Table 1 .
As seen in the XRD patterns shown in Fig. 1 , irrespective of the amount of PVA the samples annealed at 800°C exhibit the 
where ¢ is the broadening of the diffraction line measured at half maximum intensity and is the wavelength of K¡. The minimum PVA amount of 24 g still enables the separation of metal atoms in the CoFe 2 O 4 reaction but the other phases are obviously formed. These results are in good agreement with the work by Qin and co-workers using chloride salts as starting materials for solgel synthesis of CoFe 2 O 4 . 10) Their results suggested that the addition of PVA improved the crystallinity of CoFe 2 O 4 and, in its absence, the Fe 2 O 3 may be formed.
As seen in Fig. 2 , hysteresis loops of the ferrite products synthesized with different PVA contents show ferrimagnetic behaviors. Complete saturation is not obtained in a 450 kA m ¹1 field because a higher field is required to overcome the thermal effect in small magnetic particles. 7) In general, the approximate saturation magnetization is lower than that of bulk CoFe 2 O 4 which is typical for micro-and nanoscale CoFe 2 O 4 .
6),8) By increasing the amount of PVA, the magnetization is reduced and the closure of the loop corresponding to the reversible domain rotations also occurs at a significantly lower field.
Both the coercive field and the squareness are substantially raised with increasing PVA content as seen in Table 1 . This difference in magnetic behavior can be related to the phase difference in ferrite products. High coercive field is a result of strong magnetic anisotropy which is a characteristic of CoFe 2 O 4 .
1) It follows that the product with single phase CoFe 2 O 4 has a highest coercive field. The coercive field of magnetic particles is also dependent on their size. 1),3),9) The diameter of nanometer scale is in a superparamagnetic regime and magnetic particles have zero coercive field corresponding to no hysteresis. Above the superparamagnetic limit (around 10 nm), the coercive field of single domain particles is increased with the increment in size. As the particles grow until becoming multi-domain, the coercive field is reduced with the further increase in their diameter because the magnetization mechanism involves the domain displacement and the effect of anisotropy is reduced. Compared to previous works on single domain CoFe 2 O 4 nanoparticles, 5),7)9) our single phase CoFe 2 O 4 possesses a lower coercive field corresponding to the multi-domain ranges. In terms of squareness, the variation in crystalline phases due to the difference in PVA contents still has a significant effect but all values are much below 0.5. It is inferred that these CoFe 2 O 4 particles interact only by magnetostatic interactions because the exchange interaction is considered to be dominant only when the squareness exceeds 0.5.
8)
The optimized PVA amount of 48 g was used for further studies of the heat treatment by variation of temperature from 280 to 900°C. Magnetic parameters from all loops with different annealing temperatures are also compared in Table 1 . Both coercive field and squareness are increased with the increase in annealing temperature from 280 to 680°C and then reduced with further increases in temperature to 900°C. Interestingly, the trend in Fig. 3 follows a similar variations in coercive field of CoFe 2 O 4 obtained from different synthesis conditions including hydrolysis reaction in a micelle system of chloride salts and sol gel auto combustion of nitrate salts. 8),9) All studies on the effect of annealing reach the same conclusion that CoFe 2 O 4 particles tend to grow and agglomerate by high temperature treatment from 800°C resulting in the decrease in coercive field and the increase in saturation magnetization. 7) 9) The squareness is therefore reduced in this high temperature regime.
In summary, cobalt ferrites were synthesized using the solgel technique with different amounts of PVA and annealing temperatures. Single phase CoFe 2 O 4 with the largest crystallite size was obtained from the reaction between 10.592 g of Co(NO 3 ) 2 ·6H 2 O and 29.407 g of Fe(NO 3 ) 3 ·9H 2 O with 48 g PVA whereas low PVA contents gave rise to mixtures of CoFe 2 O 4 , ¡-Fe 2 O 3 and FeO(OH). The highest coercive field and squareness were consequently obtained in the single phase CoFe 2 O 4 from the maximum amount of PVA. The annealing temperature also affected magnetic properties via the change in particle size. 
